1 Regenerative therapeutic approaches for myocardial diseases often involve adoptive transfer of stem cells 2 expanded ex vivo. Prior studies indicate that cell culture conditions affect functional and phenotypic 3 characteristics, but relationship(s) of cultured cells derived from freshly isolated populations and the 4 heterogeneity of the cultured population remain poorly defined. Functional and phenotypic characteristics 5 of adoptively donated cells will determine outcomes of interventional treatment for disease, necessitating 6 characterization of the impact that ex vivo expansion has upon isolated stem cell populations. Single-cell 7 RNA-Seq profiling (scRNA-Seq) was performed to determine consequences of culture expansion upon 8 adult cardiac progenitor cells (CPCs) as well as relationships with other cell populations. Bioinformatic 9 analyses reveal loss of identity marker genes in cultured CPCs while simultaneously acquiring thousands 10 of additional genes. Cultured CPCs exhibited decreased transcriptome variability within their population 11 relative to their freshly isolated cells. Findings were validated by comparative analyses using scRNA-Seq 12
Introduction
Stem cell therapy is a promising approach for mitigating pathological diseases such as heart failure, with 2 cell populations derived from diverse origins proposed for autologous as well as allogeneic cell therapy [1] [2] [3] . 3 The presumption that donor cells retain essential characteristics derived from their original identity during 4 in vitro expansion important to enhance regeneration has led to isolation of cardiac progenitor cells (CPCs) 5 subjected to culture for expansion prior to reintroduction. Multiple donor cell types have been tested for 6 basic biological characteristics and efficacy, with widely varying isolation and adoptive transfer methods 4,5 . 7 For example, CPCs used in clinical trials for cardiac repair are isolated and cultured using varying and 8 unstandardized protocols [6] [7] [8] [9] . Transcriptome profiling of cultured CPCs using varying isolation methods 9 showed surprisingly high similarity 10 , possibly accounting for consistently modest functional improvement 10 outcomes in the myocardium regardless of cell type 3 . However, bulk RNA sample profiling of cultured 11 CPCs in prior studies masks population heterogeneity inherent to freshly isolated CPCs 11 . Therefore, 12 understanding the consequences and impact of culture expansion upon the transcriptome at the single cell 13 level is essential to optimize and advance approaches intended to improve efficacy of stem cell-based 14 cardiac regenerative therapy. 15 Transcriptome profiling of freshly isolated CPCs is challenging due to low yields of resident adult stem 16 cells, with very limited transcriptome information on primary isolates of other stem cells [12] [13] [14] [15] . 17 Implementation of single-cell RNA-Seq (scRNA-Seq) allows for transcriptional profiling of low cell 18 numbers as well as revealing population heterogeneity. Technical aspects of scRNA-Seq tend toward 19 choosing between transcriptome depth with limited number of cells versus massively parallel sequencing 20 using hundreds to thousands of cells with shallower transcriptome coverage. Recent advances in massively 21 parallel scRNA-Seq demonstrate the capability to maximize number of single cells captured per sample 22 while still capturing primary characteristics of transcriptome variation 11, 16, 17 . Unfortunately, the relatively 23 recent advent of massively parallel scRNA-Seq has yet to produce the range and depth of scRNA-Seq 24 datasets acquired using Smart-Seq2 technology that is limited by small population samples 18 . Therefore, a 25 4 combination of both scRNA-Seq approaches involving Smart-Seq2 as well as massively parallel 1 transcriptome profiling was used to determine the transcriptome identity and population heterogeneity of 2 CPCs either as freshly isolates versus their cognate cultured counterparts. Based on the scRNA-Seq data 3 analysis comparing freshly isolated cells and cultured cells, we identified common and global transcriptome 4 alterations consequential to in vitro expansion. Findings reveal that isolation and in vitro expansion of CPCs 5 selects for transcriptional profiles of uniform composition resulting in loss of in situ characteristics as well 6 as population heterogeneity. The consequences of this transcriptional drift and homogenization of cellular 7 phenotypes offers fundamental biological insight regarding the basis for consistently modest efficacy of 8 CPC-based cell therapy and prompts reassessment of the rationale for tissue-specific stem cell sources. Transcriptome drift of freshly isolated CPCs following short term culture 3 Transcriptional profiling was performed using freshly isolated cells and their in vitro derivatives to 4 reveal consequences of short term culture. Population characteristics were revealed by scRNA-Seq using 5 the 10x Chromium platform. Freshly c-kit+ / Lin-CPCs were prepared for profiling in tandem with cultured 6 CPC populations expanded under standard conditions 19 for five passages (Fig1a). Both fresh and cultured 7 CPC scRNA-Seq datasets were mapped to mouse genome, aggregated using Cell Ranger v2.0 (10X 8 Genomics), and unsupervised clustering performed using Seurat R package 20 ( Fig. 1b ). Separation between 9 fresh versus cultured CPCs clusters was clearly demonstrated by t-SNE plot 21 , revealing divergence of 10 transcriptome between these two cell populations based upon spatial distance. Robustness of 'clear 11 separation' between fresh cells and cultured cells was tested with multiple different parameter settings as 12 previously reported for fresh murine heart cell isolates. 11 Clustering is remarkably robust regardless of 13 parameter setting for t-SNE plotting ( Fig. 1c ) such as perplexity or the number of principal components 14 (PC). Clustering results reflect differences between fresh and cultured cells ( Fig. S1 ) and principal 15 component analysis (PCA) also showed distinctive clustering in consistent with t-SNE results ( Fig. S2 ).
16
Collectively, these findings reveal substantial transcriptome divergence between fresh versus cultured 17 CPCs at the single cell level. Processing of datasets was performed comparably to initial CPC analyses with mapping to mouse genome 1 and clustering analysis using Seurat R Package. Unsupervised clustering showed similar clear separation 2 between fresh and cultured cells in Smart-Seq2 datasets ( Fig. 1d ) comparable to findings with 10X 3 Genomics ( Fig. 1a ). Normalization of downloaded Smart-Seq2 scRNA-Seq datasets for sequencing depth 4 prior to comparison to exclude effects of sequencing depth variation was also performed, downsampling to 5 500,000 reads per cell by random selection of raw reads from fastq files and re-analyzed. Comparable trends 6 of separation between fresh versus cultured cells remained in meta-analysis of downsampled data ( Fig. S3 ), 7 reinforcing the conclusion that transcriptomic alteration by tissue culture is a shared phenomenon regardless 8 of cell type and consistent between the two scRNA-Seq methodologies of 10X Genomics and Smart-Seq2. while the two clusters of cultured cell share their DEGs (Fig. 2c ). In summary, sub-populations were readily 1 identifiable in freshly isolated CPCs, but not evident in cultured CPCs. Wilcoxon rank sum test). These findings support the premise that ex vivo expansion of CPCs promotes 10 increased transcriptome diversity despite loss of tissue-specific marker identity ( Fig. 2 and 3 ). Every cell type is characterized by a unique set of expressed genes known as identity markers together with 24 commonly shared gene profiles. Retaining cellular identity is important to maintain functional properties 25 9 that presumably are inextricably associated with biological activity. In the context of cardiac stem cell 1 therapy, multiple cell types have been used for therapeutic intervention with standard protocols involving 2 in vitro cell expansion to provide sufficient quantities for introduction into the damaged myocardium. The pooled libraries were sequenced as paired-end 75x75 base reads on a NextSeq 500 with mid-output kit. version 2.0). Sequencing reads were aligned to the mouse genome mm10. 1,615 and 850 cells were 10 recovered from freshly isolated and cultured CPC samples, respectively. Cells with less than 1,000 genes 11 or more than 10% of mitochondrial gene UMI count were filtered out and genes detected less than in three 12 cells were filtered out. 2 Altogether, 2,383 cells and 15,786 genes were kept for downstream analysis using Supplementary table) with exception of the CPC dataset generated for this study. Sequencing reads were 18 mapped to UCSC mouse genome mm10 using STAR v2.5.2b 5 with default parameters and only uniquely 19 mapped reads were kept. Read counts table was used as an input for generating Seurat object. Cells with 20 less than 1,000 genes or more than 10% of mitochondrial gene count were filtered out and genes detected 21 less than in three cells were filtered out. To exclude effects of sequencing depth variation, scRNA-Seq raw 22 data were downsampled to 500,000 reads per cell by random selection of raw read from fastq files and re- AV macrophage, atrioventricular node macrophage; E9, E11.5, E14.5, embryo 9, 11.5, 14.5 days, respectively; P7, postnatal 7 days; HSC, hematopoietic stem cell; nGene, the number of genes detected
